de Maat-Gersdorf, I.; Gregorkiewicz, T.; Ammerlaan, C.A.J.; Sobolev, N.A. 
Introduction
Rare-earth doping of semiconductors has been intensively investigated with a view to its application in optoelectronic devices. The presence of an incompletely filled 4f shell offers the attractive possibility of induced intrashell excitations, largely independent of the surrounding environment. Sharp atomic-like spectra can consequently be generated, with their wavelengths heing practically controlled by the dopant itself rather than by the host crystal. Recently, considerable interest and research effort has been directed towards erbium-doped silicon. This is for two main reasons: first the characteristic 4f transitions of the erbium ion in the 1.5 pm range coincide with the optical window of glass fibres currently used for telecommunications, and secondly, such a system can be easily integrated with devices manufactured using the highly successful standard silicon technology.
Studies of silicon, silica, GaAs and InP doped with erbium have been reported [l-51. The majority of the studies on the Si:Er system concentrate on the practical aspect of how to obtain the maximum intensity of photoluminescence or electroluminescence at as high a temperature as possible, preferably room temperature.
in order to achieve this god, non-equiiibrium doping procedures have been explored [2] and the influence of different 'co-activators' on the erbium luminescence has been investigated [6] . The more fundamental aspects behind the excitation and de-excitation mechanisms and the microscopic features of the defect created by an erbium ion embedded in the silicon lattice have, of the physics of the light-emission process can the highly efficient erbium-based silicon optical devices be obtained.
The current study aims to analyse the photoluminescence (PL) spectrum of the erbium atom in various host crystals. The influence of the crystal field on the smcture of the spectrum, i.e. the number and intensity of the emission lines, is considered. To this end the PL spectra as obtained at liquid-helium temperature are analysed for erbium ions embedded in float-zone and Czochralskigrown silicon and silicon oxide.
In silica glass, extended x-ray absorption fine structure (EXAFS) measurements have been performed by Marcus and Polman [3] . They found that the majority of the erbium impurities in silica have a local structure of six oxygen first neighbours at a distance of 2.28 A and a next-nearest-neighbour shell of silicon at 3.1 A.
At room temperature the PL spectrum of erbium-doped silica showed a line at 1535 nm with a shoulder at 1550 nm [3] . At lower temperatures only a very broad band at 1540-1600 nm has been reported [7] .
The same technique, EXAFS, has been used to unravel the structure around the erbium in float-zoned (E) and Czochralski (Cz) silicon [8] [IO] studied the temperature dependence and quenching processes in Cz Si:Er and found two different classes of optically active Er sites. One site does not depend on the oxygen concentration, decays slowly and decreases rapidly when the temperature is increased. The other site is dominant at higher temperatures, decays fast and its photoluminescence is strongly increased by the presence of oxygen.
Experimental method
Two kinds of silicon, with low and high oxygen concentration, were used in this experiment:
(i) Float-zone silicon with a n implantation of 1.6 x IOi5 cm-2 Er and annealed at 450°C for 1 h and at
(ii) Czochralski silicon with a 1 MeV implantation of
Er and subsequent annealing in a chlorinecontaining atmosphere.
The silica used in this experiment was implanted with
x 1015
Er and annealed at 900 "C for 30 min. Most of the experiments were performed with the samples immersed in liquid helium. The sample could be heated up to about 100 K in order to measure temperature dependences of the spectra. The luminescence was excited with a cw argon-ion laser operating at a wavelength of 488 or 514.5 nm; an interference filter was used to avoid spurious plasma lines. An onoff light chopper was placed between the light source and the sample. The emerging luminescence light was
collected from the laser-irradiated side. It was dispersed by a high-resolution 1.5 m F/12 monochromator (JobinYvon THR-1500) with a 600 groovdmm grating blazed at 1500 nm. Optical filters were placed in front of the monochromator entrance slit in order to select the emission bands of interest. The luminescence was detected by a nitrogen-cooled germanium detector I (North Coast EO-817). The detector output was amplified using conventional lock-in (Keithley 840) techniques at the chopper frequency, with optional filtering to remove the spikes due to cosmic radiation. I ne lock-in output was digitized and fed into a computer for further data processing.
_.

Experimental results
The photoluminescence spectra of Cz Si:Er, FZ Si:Er and SiOz:Er in the spectral range from 1530-1650 nm (810-751 meV) at liquid-helium temperature are given in figure 1. The positions of the lines and a comparison with some spectra of cubic and non-cubic erbium defects in silicon produced under different conditions of implantation dose and energy and subsequent annealing temperature as reported in the literature [2, 6,111 are given in table 1. Since a new interpretation will be discussed for the origin of the PL lines, they are provisionally labelled as lines A to hl. (Spectra were also recorded with on-line filtering, removing the spurious spikes. Alternatively, off-line digital filtering produced smoother spectra.)
The weak PL spectrum of FZ SkEr shows a broad band of approximately 6 nm width around 1537 nm and several more lines which are hardly resolved; the lowest-energy line is observed at 1574.4 nm. The ten times stronger spectrum of Cz Si:Er shows as its most dominant feature two overlapping lines, at 1536.9 and at 1538.2 nm, and some smaller, sharp lines at higher waveien,ghs. At 1642.8 and 1667 nm two more weak lines are observed; part of the reason why these lines are weak is the decreased sensitivity of the germanium detector at wavelengths longer than 1600 nm. The PL spectrum of SiO2:Er also consists of several sharp lines and some more incompletely resolved lines located between 1537 and 1540 nm. The lowest-energy lines at 1641 and 1667 nm are also observed. The similarities between the spectra of Cz Si:Er and Si02:Er are striking.
Tie behaviour of the iuminescence iines, i.e. the dependence of their absolute and relative intensities and energies on excitation power, chopper frequency, temperature and magnetic field, was measured. Results of the introductory studies are summarized as follows. The reiative intensities of the fines do not change at dl with excitation power; the absolute intensity increases only from 0 to 50 mW and then remains constant up to 400 mW, which is the maximum available excitation power in the experiment. 
Discussion
Ligand oxygen atoms
The spectra of Cz Si:Er and Si0z:Er look very much the same. Although the relative intensities differ, the positions of the lines in the spectra agree, as can be seen in figure 1. This is very surprising since the amount magnitude. Whereas it is not possible to accommodate an erbium ion in Si02 without oxygen in its vicinity, the formation of an oxygen-surrounded erbium centre in of oxygeu in materiais differs by Cz Si requires migration of oxygen over long distances.
Besides, Cz Si is crystalline and silica is a glass. Yet, in view of other evidence, the generally assumed role of oxygen in forming the luminescent centre should not too readily be abandoned. The spectra of the m. silicon, basically without oxygen, show a much smaller splitting. This can be understood from the absence of oxygen-related ligand fields. Independent support for oxygen-related models is derived from an erbium spectrum observed in GaAs [4j2 which is identical to that arising from Er203. The two spectra are compared in figure 2. The GaAs:Er spectrum disappears by mechanical polishing, removing a surface layer about 1 p m thick. The luminescence is restored by heat treatment at 850°C. Apparently in this case the luminescence arises from a centre located near the surface and possibly formed by oxidation. Erbium shows a strong propensity to be surrounded by oxygen atoms.
The main PL-active defect in Cz Si and Si02 samples is the erbium-related one with lines A, D, F, H and K as described by Tang et a1 [2] . Also the main lines B,C, E and G, ascribed in the literature to a non-cubic defect 12,111, can be seen in figure 1. In Si02:Er the defects seem to have the same intensity; both defects show a strong dependence on the presence of oxygen, which is supported by the EXAFS measurements [3, 8] . EXAFS has revealed that erbium, both in silica and Cz Si, has oxygen ligands as nearest neighbours. Combination of these two observations leads to a model of an erbium PL of erbium-doped Si atom on a cubic site surrounded by six oxygen atoms as the most probable structure for the main luminescent defect in Czochralski silicon and in silica.
These measurements are in agreement with the observations of Coffa et al [lo] . They discuss the prersncc U1 l U l l l l l l C I c e l l l cI~uIuII1 U11 L W U s11es; ULIC urd1 dominates at high temperatures, with short lifetimes and oxygen involvement which relates well to our 'A,D,F,H,K defect and the other one which matches our 'B,C,E,G' defect. They also observed that only a mzll percentage of Lie erbium ; : ' as bnrinescext, consistent with our observation of long luminescence decay times and saturation of the signal with increasing laser intensity.
The spectrum of Fz Si:Er consists of one broad band FX! z! !czst Eve other !ines of mmparxble intensity; t h~ symmetry of the luminescent erbium centre must thus he lower than cubic. The splitting between the outermost lines A and F is only 36 nm, indicating a relatively weak crystal field. This is consistent with the structure as In the local-phonon model the following theoretical predictions have to be satisfied (i) At low temperactures, LT << ttQ, where 6 0 is the energy of the local phonon which dominates the PL band, the side band involving n phonons of any frequency has the relative intensity I, = S'exp(-S)/n!. !I! Equation (1) gives the transition probabilities in terms of the dimensionless parameter S, known as the HuangRhys factor [12] . At the same time, the width of the replicas will increase witb the number of phonons created.
(ii) At elevated temperatures a new line will appear in the PL spectrum at the high-energy side of the zerophonon line with the same energy difference as the local phonon replicas: the anti-Stokes line. The intensity ratio of the anti-Stokes line and the first local phonon side band is where w is the zero-phonon luminescence frequency and S2 is the frequency of the phonon being emitted or absorbed [!3]. Figure 3 illustrates the spectra for Cz Si observed at 4.2, near 50, and near 100 K showing the phonon side bands of the Stokes and anti-Stokes type. Table 2 gives a summary of the experimental and theoretical intensities of the phonon replicas at the lower energies for the different values of n. In silica:Er three phonon replicas can be observed which fit well with a HuangRhys factor 5 ' = 0.63, representing a weak coupling. For Cz Si:Er the analysis is more complicated because the two no-phonon lines are overlapping. Michel et a1 give a high-resolution spectrum (figure l(a) in [6] ) that also shows three replicas and fits with S = 0.729. Not only good agreement with the theoretical intensity variation, but also a fair similarity between silica and Czochralski silicon is achieved.
At eievated temperatures a iine which can be identified as the anti-Stokes replica is observed. Its measured intensity relative to the first phonon-emission mode is near 0.5 for both Cz Si and SOz. For the temperature of the measurement, which is at an estimated 
0 4 and 0 6 are the fourth-and sixth-order crystal-field operators, x determines the ratio of the fourth-and sixthorder coefficients and has a value in between -1 and +l. x fixes the mutual distance and sequence of the five levels; the calculated levels scale with W.
The best tit to the lines not yet accounted for in the phonon replica model for Cz Si:Er was obtained with x = -0.85 and W = 1.068 cm-' (0.132 meV). In this range of x the lowest level of the first excited state is of ra character; in this case it is expected that all five lines are present in the emission spectrum. Calculations based on the four strongest lines showed a deviation of 4 cm-' (0.5 meV) between calculation and experiment.
The fifth, weakest, line was then expected at 1668 nm but found at 1672 nm, at a difference of 14 cm-' (1.7 meV). This magnitude of discrepancy is common for similar studies [I 1,151; it is normally ascribed to the neglect of the influence of the higher-lying J multiplets. ine value of x means that the erbium atom has Td symmetry in the lattice with the perturbing atoms in fourfold coordination.
With the values as found for x and W, the difference between the lowest two levels of the excited (4.7 meV) . This provides a satisfactory explanation for the appearance, at higher temperatures, of the so-called hot lines with an energy about 5 meV higher. The hotline assignments are included in 
